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Heat Exchanger Analysis for the LBE Material Test Loop

Introduction
The heat exchanger is used in the Material Test Loop (MTL) for removing excess heat
from the liquid lead-bismuth eutectic (LBE). The heat exchanger is a counter-flow,
concentric tube design. Heat is removed from the LBE with water. The heat exchanger
design was supplied by the Russians. It was modified slightly by project engineers and
designers and then fabricated in the U.S.

This document summarizes the calculations that were performed to determine the heat
exchanger heat transfer capabilities, pressure drop, and internal pressure.

Heat Exchanger Overview
A sectional view of the heat exchanger is shown in Fig. 1. LBE flows in the outer annulus
and water flows in the innermost section. The LBE enters at the top and flows downward.
The water enters and exits at the top. The water flows downward through the central tube,
then upward in an annulus surrounding the central tube.

Due to the high temperature gradient from the LBE to the water, an intermediate annular
cavity is located between the hot and cold sides of the heat exchanger. The base of this
cavity contains a small amount of LBE with an argon cover gas. This LBE (when melted)
can be forced up into the annulus creating a variable heat transfer surface area. This
variable area provides variable heat transfer capability enabling the MTL facility to
operate over a wide range of conditions. This intermediate annular cavity is sealed with
two bellows sections that allow the central pipe structure to move vertically. A handle at
the top of the heat exchanger is attached to a threaded rod that can be rotated to provide
the central structure with 60 mm of vertical movement. This movement allows the small
volume of LBE to be compressed and forced into the intermediate annulus.

Figure 2 shows an enlarged view of the heat exchanger cross section. The heat exchanger
is constructed of 316 stainless steel pipe and tubing. The outer shell is 3 _  schedule 40
pipe with an inner radius of 45.1 mm (dimensions were obtained from the ESA-DE Heat
Exchanger Assembly drawings: #142Y600924). The LBE flows in an annulus between
this outer shell and the outside of a 2 _  schedule 40 section of pipe. The inner radius of
this LBE annulus is 36.5 mm. The intermediate annular cavity is created between the 2 _
schedule 40 pipe and a 2  schedule 40 pipe section. The outer and inner radii of this
annular cavity are 31.4 and 30 mm, respectively. A final annulus for water flow is formed
between the 2  schedule 40 pipe and a section of 1 _  OD tubing with a 0.083  wall
thickness. The outer and inner radii of this annulus are 26.2 and 22.2 mm, respectively.
The water that flows in this annulus is returned upward through the inside of the tubing.
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Fig. 1. Heat Exchanger Drawing.

Fig. 2. Enlarged View of Heat Exchanger Cross Section.

Design Point Heat Transfer Analysis
The Russians designed this heat exchanger to the following conditions:

Parameter Value
Heat Exchanger Power (kW) 52
LBE Inlet Temperature (¡C) 350
LBE Outlet Temperature (¡C) 250
Water Inlet Temperature (¡C) 25
Water Outlet Temperature (¡C) 40
LBE Flow Rate (m3/hr) 1.25
Water Flow Rate (m3/hr) 3.0

An analysis was performed to check this design point and is shown in detail in Appendix
A. From the LBE to the water, there are five thermal resistances that are considered:
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Convection from LBE to wall Rth,8

Conduction through 5.16-mm-thick wall Rth,7

Conduction through intermediate LBE layer Rth,6

Conduction through 3.91-mm-thick wall Rth,5

Convection from wall to water Rth,4

This heat transfer analysis was performed using two different predictive methods to
obtain the liquid metal heat transfer component. The first method employs the
numerically generated tables of Kays and Leung [1]. Kays and Leung performed a
theoretical study of heat transfer in annular channels for hydrodynamically developed
turbulent flow. Their results, for the cases of uniform heat flux from either the inner or
outer wall only, are presented in tabular form. Using Kays and Leung for the liquid metal
heat transfer, the analysis of the Russian design point shows a heat transfer rate in the
heat exchanger of 39.6 kW. This result is 24% less than the 52 kW predicted by the
Russians.

Dwyer reports in the Sodium-NaK Engineering Handbook [2] that in the very low Peclet
number range, the Kays and Leung results agree well with his own semi-empirical
correlation. At higher Peclet numbers, however, the Kays and Leung results significantly
underpredict Nusselt number. This assessment is confirmed by Kays and Crawford [3]
who state that at very low Prandtl numbers, the results for Nusselt number may be low.
The assessment of the Russian design point was performed again using the correlation of
Dwyer (also shown in Appendix A). The results from this assessment show a heat
transfer rate of 39.1 kW, which is nearly the same as the Kays and Leung prediction. The
Peclet number in this case is 324. Apparently the Kays and Leung prediction is
performing well at this Peclet number.

Both the Kays and Leung and the Dwyer methods of predicting heat transfer assume fully
developed turbulent flow. Dwyer points out, however, that the thermal entry length for
liquid metals could be as high as 30 diameters, or more than half of the heated length of
the heat exchanger. Because of a lack of Nusselt number data for this specific case, the
thermal entry length effect was estimated by doubling the liquid metal heat transfer
coefficient over the entire heated length of the heat exchanger. The result of this analysis
showed that the heat transfer rate only increased to 42.9 kW, which is still 18% less than
the Russian prediction.

To assess the controlling resistances in the heat transfer path, the five thermal resistances
computed for this analysis are normalized by the LBE convection resistance (Rth,8). These
normalized resistances are shown below:

Convection from LBE to wall 1.00
Conduction through 5.16-mm-thick wall 1.69
Conduction through intermediate LBE layer 0.59
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Conduction through 3.91-mm-thick wall 1.54
Convection from wall to water 0.88

All resistances are of the same order of magnitude. Large changes in the LBE convection
resistance, therefore, have a small overall effect on the total heat transfer rate.

All heat transfer surfaces are assumed to be clean and free from fouling. In practice, it is
likely that some surface contamination will be present, thus further reducing the
efficiency of the heat exchanger.

Off-Design Heat Transfer Analysis
To provide an assessment of how the heat exchanger will perform at operating conditions
other than the design point, a range of conditions was examined. Four different volume
flow rates and three different LBE inlet temperature conditions were combined resulting
in 12 different off-design cases. The three inlet temperatures examined are 350¡C, 450¡C,
and 500¡C. The volume flow rates examined are shown below along with their
corresponding sources:

3.47x10-4 m3/s Russian flow condition (1.25 m3/hr)
8.36x10-4 m3/s 1.5 m/s in 1  schedule 40 pipe
2.16x10-3 m3/s 1.0 m/s in 2  schedule 40 pipe
4.33x10-3 m3/s 2.0 m/s in 2  schedule 40 pipe

To simplify the analysis, LBE properties were evaluated at an estimated mean
temperature of 410¡C. The water flow rate used for all calculations was the Russian
design flow rate of 3.0 m3/hr (13.2 gpm). Details of the analysis are shown in Appendix
A.

The results of this off-design analysis are shown in Fig. 3. Calculations in Appendix A
were performed both with the Kays & Leung and with the Dwyer predictions. Because of
the reported discrepancies in the Kays & Leung prediction at low Prandtl/high Peclet
numbers, the Dwyer correlation was used for the data shown in Fig. 3. As expected, the
heat transfer rate increases both with increasing flow rate and inlet temperature.
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Fig. 3. Off-Design Heat Transfer Rates

Pressure Drop Analysis
Pressure drop on both the LBE and water sides of the heat exchanger was estimated. The
flow conditions used for these estimates were the Russian design point flows. For the
LBE side, only the pressure drop through the heat exchanger is analyzed. For the water
side, external plumbing including valves, fittings, and flow meters was included in the
analysis. The detailed results of these analyses are shown in Appendix B.

The resulting pressure drop on the LBE side was approximately 0.5 psi. This value is
small because of the relatively large flow area and corresponding low velocity. The
resulting pressure drop for the water system was approximately 36 psi. The sources used
in this analysis were Idelchik [4], Swagelok [5], and Munson et al. [6].

Internal Pressure Analysis
An analysis was performed to determine the maximum pressure in the intermediate
section of the heat exchanger. The pressure in this section will rise, both because of a
temperature rise during operation, and because of the volume reduction during
compression of the intermediate LBE. The detailed results of this analysis are shown in
Appendix C.
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The expanded-to-compressed volume ratio in the intermediate space is 1.39. The ratio in
temperature from maximum operating to room temperature is 2.64. Using ideal gas
relationships, the resulting pressure in the gas space is estimated to be 54 psi. If a safety
factor of 1.5 is used, the maximum pressure expected in the gas space is 81 psi. The
intermediate space was tested to 100 psig at room temperature. Room temperature
hydrostatic testing was also performed on the LBE side and on the water side of the heat
exchanger to pressures of 250 psig and 150 psig, respectively.
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